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Abstract 
The present work was aimed at studying the bioleachability of aluminium from coarse-grained waste printed circuit boards in a 
stirred tank reactor. Al recovery, variation of ORP and pH value, during the process of zero-valence Al bioleached by A. 
ferrooxidans, were discussed in detail. When WPCBs concentrations was 100g/L, bacterial inoculation was 10 % (v/v), 
temperature was 30 ć, Al extraction rates of WPCBs was up to 82.13% after 30 days. Experimental results indicated that  
regeneration cyclic process of Fe2+ in bioleaching reactions can accelerate the extraction of Al. Zero-valence aluminium was 
mainly leached out chemically in the initial stage, and mainly leached out by Fe3+ and H+ in the late stage. The alkaline substance 
of WPCBs and the oxidation of Fe2+ consume H+, these result in the increasement of pH value in initial stage, whereafter, the 
decrease of pH value attributes to the hydrolysis of the ferric ion and jarosite precipitation formation. 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of Tsinghua University/ Basel Convention Regional Centre for Asia and the Pacific. 
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1. Introduction 
Waste printed circuit boards (WPCBs) has been looking for a trend of sharp increasement in recent years1. 
Generally, WPCBs was mainly composed of polymers, ceramics and metals2. The content of metals, plastics, 
bromine, glass and ceramics in WPCBs are 28% (10-20% copper, 5-7% aluminium,1-5% lead, 1-3% nickel), 4% 
and 49%, respectively3,4. In the respect of the environmental and economic benefits, We ought to pay an increasing 
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attention to the development of processes to recover metals and other valuable material. However, the process of 
recycling WPCBs using pyrometallurgical or hydrometallurgical methods generate atmospheric pollution due to the 
release of dioxins and furans and also generate high volumes of effluents5. In the last decade, the biological 
metallurgy technology was used to recover metals from electronic scraps and WPCBs6. 
 Aluminium is one of the major metallic elements of WPCBs. Recent studies were focused on the microbial 
leaching of copper from WPCBs by A. ferrooxidans. The researcher  paid less attention to Al bioleaching. Recently, 
a few studies have been undertaken for the extraction of Al from WPCBs. Yang et al reported the Al extraction from 
WPCBs1, and found that 75.4% Al  were recovered after 72 h by A. ferrooxidans. The column bioleaching was used 
to recover metals from electronic scrap. During whole leaching process included acid pre-leaching operation of 27 
days and bioleaching operation of 280 days about 80% Zn, 64% Al, 86% Cu and 74% Ni was leached out7. 
WPCBs broken by crusher had the high energy consumption, and also generate toxic gas. Based on the previous 
study, the present studies was aimed at studying the bioleachability of aluminium from coarse-grained waste printed 
circuit boards in a stirred tank reactor. Al recovery, variation of ORP and pH value, during the process of zero-
valence Al bioleached by A. ferrooxidans, were discussed in detail. 
2. Materials and methods 
2.1. Waste printed circuit boards 
The waste television motherboards were obtained from Qingdao New World Environmental Protection Co., Ltd. 
in Qingdao, China. No physical or mechanical separation process was used before transportation to laboratory. The 
waste television motherboards were directly cut out small pieces (diameterİ15 mm) with a self-made cutting mill, 
then were used for all the bioleaching experiments. 
The chemical analysis of  the waste television scrap samples, as determined using inductively coupled plasma 
mass spectrometry (ThermoFisher, America) after digestion in aqua regia, revealed the presence of Cu (11.87%), Al 
(7.90%), Zn (1.49%), Ni (0.087%), Pb (1.66%), Sn (1.10%) and Fe (3.13%). The content of trace elements are not 
reported due to their insignificant amounts. 
2.2. Microorganisms and culture conditions 
A.ferrooxidans SWUST-01 used in this study was provided by the Key Laboratory of Solid Waste and Resource 
Recycle, Ministry of Education, Southwest University of Science and Technology, Mianyang, China.  
The bacteria was cultured in the optimized 4.5K medium8 at temperature of 30 °C, pH of 2.0, and a rotation 
speed of 170 rpm. The optimized 4.5K medium was composed of 2.0 g/L (NH4)2SO4, 0.25 g/L K2HPO4, 0.25 g/L 
MgSO4·7H2O, 0.1 g/L KCl, and 22.0 g/L FeSO4·7H2O. The solution pH was adjusted to 2.0 using sulphuric acid 
(10%) and sodium hydroxide (10 g/L), then autoclaved at 120 ć and 15 psi for 20 min. 
2.3. Bioleaching experiments 
The bioleaching experiments were conducted in 3 L baffled polymethyl methacrylate reactors ( height/diameter 
ratio of 1.0) containing teflon impellers (three blades) pitched downward at 45°. The reactors were placed in a 
thermostatic bath to maintain a constant operating temperature. The gas streams entered the bioreactor via a PTEE 
micro-filter (0.2 μm) to remove airborne bacteria and particulate matter.  
Each reactor contained 1800 mL of the optimized 4.5K media and a amount of WPCBs (by weight) was added to 
obtain the desired pulp density (PD). The number of viable bacteria, pH, redox potential, and aluminum ion 
concentration in the leaching solution were determined. During the leaching process, distilled water was supplied to 
compensate for evaporation, and to maintain a solution volume of 2000 mL in the polymethyl methacrylate reactors. 
Finally, the residues were washed with Milli-Q water, and vacuum freeze-dried. 
899 Kaibin Fu et al. /  Procedia Environmental Sciences  31 ( 2016 )  897 – 902 
2.4. Analytical techniques 
Scraps were directly cut to small pieces (diameterİ15 mm) with a self-made cutting mill, then pulverized into 
fine-granules with a cutting mill (Retsch SM 2000, Germany). After digestion in aqua regia, the concentrations of 
Al3+ and T-Fe were determinated by inductively coupled plasma-atomic optical emission spectrometry (ICP-OES, 
ThermoFisher iCAP6500, USA). Fe2+ ions were analyzed by potassium dichromate titration. Additionally, oxidation 
redox potential (ORP) and pH of the solution were measured using a digital pH metre (Mettler Toledo SevenMult 
S40, Germany) and a 501 Oxidation Reduction Potential Meter (Shanghai Precision & Scientific Instrument, 
China)[1]. The bacterial number was determined by hemocytometer under ZBM-300E biological microscope. The 
solid residues were air dried, and taken for chemical analysis and X-ray diffraction (XRD). 
3. Results and discussion 
3.1. Al extraction from WPCBs 
The previous study showed that the optimum conditions of bioleaching of Al from coarse-grained waste printed 
circuit boards in a stirred tank reactor was: WPCBs concentrations of 100g/L, 10 % (v/v) inoculation, and 30 ć. 
The Al leaching efficiency of WPCBs with time is shown in Fig.1. 
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Fig. 1. Al extraction from WPCBs by A. ferrooxidans 
Fig.2 showed that Al bioleaching efficiency increased sharply during 5 days. Al extraction rates was 68.52% at 5 
days. Al extraction efficiency increased slowly from 5 days to 30 days. Al recovery reached equilibrium gradually 
after 5 days. After 30 days, Al extraction rates of WPCBs was up to 82.13%. This results indicates that Al could be 
leached easily. Thermodynamic feasibility of Al dissolution reactions can be elucidated on the bais of enthalpy and 
Gibbs free energy values as shown in the following equation9. 
2Al0+3Fe2(SO4)3ėAl2(SO4)3+6FeSO4 (ƸG0= -1085.2 kcal)                                        (1) 
It is very important that the regeneration cyclic process of Fe2+ in bioleaching reactions can accelerate the 
extraction of Al. It was also reasonable to presume that part of zero-valence aluminium was directly leached out 
chemically or biologically based on the following reaction (Eq. (2))10: 
4Al0+12H++3O2ė4Al3++6H2O                                                                     (2) 
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3.2. ORP variation  
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Fig. 2. ORP variation of WPCBs leaching by A. ferrooxidans 
The results of variation in redox potential (mV, Ag/AgCl) is shown in Fig. 2. Redox potential of a solution (Eh) is 
mainly determined by the ratio of the activities of ferric to ferrous ions in WPCBs leaching systems according to the 
Nernst equation (Eq. (2)) for the Fe3+/Fe2+ redox couple: 
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where E0 is the standard electrode potential, R is the gas constant, F is the Faraday's constant, and n=1 (number 
of transferred electrons).  
In WPCBs bioleaching systems, Al0 oxidation by ferric ions (Eq. (1)) results in ferric reduction, and Redox 
potential of a solution (Eh) decreases. While bacteria can oxidise ferrous back to ferric (Eq. (4)), and the solution 
potential increases. The redox potential of a solution (Eh) is an outcome of the metal reactivity, the microbial activity, 
and the leaching conditions. 
                                                    OH2Fe4H4OFe4 2
3bacteria
2
2  o                                                      (4) 
Fig. 2 showed that the redox potential of the WPCBs bileaching solution increased with time. In the initial stage 
(from 0 day to 10 days), the redox potential of the WPCBs bileaching solution was low, and increased from 110 mV 
to 212 mV. The result indicates that A. ferrooxidans is at lag phase. At this moment, the bacterial activity is low. Fe0 
is oxidised by H2SO4 to Fe2+. However, Fe2+ is not yet oxidised by A. ferrooxidans to Fe3+. The concentration of 
Fe3+ is low. Zero-valence aluminium was directly leached out chemically on the reaction (Eq. (2)). With the 
increasement of leaching, A. ferrooxidans adapted to the new environment, and multiplied gradually. A large 
number of Fe2+ was oxidised by A. ferrooxidans to Fe3+. The concentration of Fe3+ increased. The redox potential of 
a solution (Eh) increased gradually.  
To sum up, the results indicate that zero-valence aluminium was mainly leached out chemically in the initial 
stage, and mainly leached out by Fe3+ and H+ in the late stage. 
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3.3. pH value variation 
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Fig. 3. pH value variation of  WPCBs leaching by A. ferrooxidans 
The results of pH value variation of WPCBs bileaching solution is shown in Fig. 3. As shown in Fig.3, the pH 
value decreased with the increasement of time. When starting at pH 2.0, the highest pH value reached 5.35 after 5 
days, and the pH value of leaching solution had to be corrected by using dilute sulphuric acid (1:9, V/V) many times. 
The dissolution of Cu, Al, Zn, Ni, Pb, Sn and Fe in WPCBs can be leached out chemically by dilute sulphuric acid. 
For this reason, the pH value of solution during the process of aluminium bioleaching fluctuated by a wide margin. 
The optimum pH value for A. ferrooxidans is in the range 1.8 ̚2.511. When the pH value of solution is beyong the 
optimum pH value range of A. ferrooxidans, the growth of A. ferrooxidans would be restrained. It is very important 
that dilute sulphuric acid was used to adjust the pH value of WPCBs bioleaching solution. 
In the initial stage, the oxidation of ferrous ion through bacterial process might contribute a lot to the increase of 
pH value, because the oxidation of Fe2+ would consume protons in the solution (Eq. (4)). In the late stage, since A. 
ferrooxidans oxidized ferrous ion to ferric ion, the amount of ferric ion increased. With the accumulation of the Fe3+ 
quantity, the hydrolysis of the ferric ion occurred (Eq. (5) and Eq. (6)), this resulted in the descrease of pH value. 
Fe3++6H2OėFe(OH)3+3H+                                                                   (5) 
3Fe3++2SO42-+6H2O+K+ėKFe3(SO4)2(OH)6+6H+                                             (6) 
  
 
Fig. 4. SEM image and EDS of jaroste in residuses 
The reddish brown precipitate (Fig. 4) observed from the surface of the leach residues of WPCBs determined as 
jarosite through X-ray diffraction analysis (Fig. 5). In the meantime, we also found that more jarosite precipitate was 
produced with the decreasement of pH value. 
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Fig. 5. XRD patterns of the precipitates obtained after bioleaching tests 
4. Conclusions 
Bioleaching was conducted to leach aluminium from WPCBs by A. ferrooxidans. Based to our best 
acknowledgement, it is the first time to report the bioleaching of Al from coarse-grained waste printed circuit boards 
in a stirred tank reactor. The results from these studies demonstrate that aluminium can be recovered from WPCBs 
by microbial leaching using A. ferrooxidans. It is very important that the regeneration cyclic process of Fe2+ in 
bioleaching reactions can accelerate the extraction of Al. Zero-valence aluminium was directly leached out 
chemically or biologically, and mainly leached out chemically in the initial stage, and mainly leached out by Fe3+ 
and H+ in the late stage. The alkaline substance of WPCBs and the oxidation of Fe2+ consume H+, these result in the 
increasement of pH value in initial stage, whereafter, the decrease of pH value attributes to the hydrolysis of the 
ferric ion and jarosite precipitation formation. 
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